Abstract: Knowledge of factors that are important in reef resilience and integrity help us understand how reef ecosystems react following major anthropogenic and environmental disturbances. The North Jamaican fringing reefs have shown some recent resilience to acute disturbances from hurricanes and bleaching, in addition to the recurring chronic stressors of over-fishing and land development. Factors that can improve coral reef resilience are reviewed, and reef rugosity is shown to correlate with coral cover and growth, particularly for branching Acropora species. The biodiversity index for the Jamaican reefs was lowered after the 2005 mass bleaching event, as were the numbers of coral colonies, but both had recovered by 2009. The importance of coastal zone reef management strategies and the economic value of reefs are discussed, and a protocol is suggested for future management of Jamaican reefs.
Introduction
Coral reefs throughout the world are under severe challenges from a variety of anthropogenic and environmental factors including overfishing, destructive fishing practices, coral bleaching, ocean acidification, sea-level rise, algal blooms, agricultural run-off, coastal and resort development, marine pollution, increasing coral diseases, invasive species, and hurricane/cyclone damage [1, 2] . Most reefs are considered as open non-equilibium systems [3] , with diversity maintained by disturbance and recruitment, as well as by predation, competition and evolutionary history [4] . Interspecific competition [5, 6] is pervasive among coral communities, and is important in maintaining their viability [7, 8] . Heterospecific competition of corals with algae reduces coral growth and survivorship [9, 10] . In corals, spatial arrangement, orientation and aggregation may be a key mechanism contributing to species coexistence on coral reefs [11, 12] . Maintaining coral reef populations in the face of large scale degradation and phase-shifts on reefs depends critically on recruitment [13, 14] , maintenance of grazing fish and urchin populations [15] , clade of symbiotic zooxanthellae [16] and management of human activities related to agricultural land use and coastal development [17] . To manage coral reefs it is important to have an understanding of coral population demography-structure, biodiversity and and dynamics [18] [19] [20] . Ideally, this involves the quantification of numbers of individual colonies of different size classes-the population structurethrough time, in addition to quantifying coral growth rates, recruitment and survival.
The fringing reefs around Discovery Bay in Jamaica ( Figure 1 ) constitute one of the best documented areas of reef decline in the Caribbean, where loss of corals and macroalgal domination has been due to hurricanes [21, 22] , overfishing [23, 24] , die-off of the long-spined sea urchin Diadema antillarum in 1983-1984 [25] , and coral disease [26] . Nutrient enrichment does not appear to have been a causal factor in the development of the reef macroalgal communities [27] . Interestingly, increased macroalgal cover by itself does not always lead to reef decline, and the Jamaican example may be an anomaly compared to reefs in other parts of the world [28, 29] . The fringing reefs around Discovery Bay have seen a number of challenges in recent years, notably several hurricanes as well as a mass bleaching event in the Caribbean in 2005 [30] [31] [32] [33] . Despite all these negative factors, there is evidence that prior to 2005 some Discovery Bay reefs were recovering [34] . Indeed, quantification of numbers of individual colonies of different size classes through time, in addition to quantifying coral growth rates, recruitment and survival, bore this out both before and after the mass bleaching event [33] . Healthy reefs have a high proportion of small size-classes that include new recruits and juveniles [35] , and the smallest size class of corals can be a good indicator of reef resilience [3, 36] .
The Caribbean-wide bleaching event of 2005 was due primarily to high sea surface temperature (SST) hot-spots in the region [37] [38] [39] . Thermal stress during this event exceeded any seen in the previous 20 years of satellite data from the Caribbean, while monthly temperatures were the warmest in over 150 years. The North Jamaican fringing reefs, unlike elsewhere in Caribbean, for example the reefs of Tobago [40] , have shown resilience to acute disturbances from hurricanes and bleaching, in addition to the recurring chronic stressors of overfishing and land development [33, 34] . Factors that can improve coral reef resilience include species and functional diversity, connectivity to larval sources, appropriate substrates for larval settlement, and protection from other anthropogenic effects [41, 42] . Decline in architectural complexity of Caribbean reefs has been apparent since the 1980s, and coincide with key events in recent Caribbean ecological history [43] . Rugosity-three dimensional topography and complexity-has been linked to reef resilience in the South Central Pacific [44] and has been selected as a bioindicator for use in monitoring programmes linking changes in water quality to changes in the condition of coral reef ecosystems [45] . Reef rugosity correlates well with rocky reef fish community structure in Brazil [46] , Hawaii [47] , the Great Barrier Reef [48] , Barbados [49] , the Seychelles [50] , and the Gulf of Mexico [51] . Rugose locations aid aggregation of Diadema antillarum urchins, important to keep macroalgae in check [52] . Interestingly, rugosity also correlates well with fish abundance on other reefs, for example with parrotfish (Scarid) abundance on reefs of Oahu, Hawaii [47] , and rugosity has been used in regional modelling of coral habitats for marine conservation [53] .
This study set out to quantify the size-structure of populations of a number of corals over time in order to test whether the Discovery Bay coral colonies were exhibiting resilience in the face of multiple acute stressors of hurricanes and bleaching, in addition to the recurring chronic stressors of overfishing and land development. In addition, the study tests whether reef rugosity might have influenced Jamaican reef resilience to, and subsequent recovery from, the 2005 bleaching event, and which might help inform management policy for reefs in the future.
Methods
Studies were conducted using SCUBA at five sites [Rio Bueno (18° 28. Rugosity (R ) was determined according to the formula:
where Sr = real surface distance between two points, and Sg = straight line geometric distance between two points. This was calculated over a 20 m distance, performed in triplicate, at each site, using photographic image analysis verified by the chain method [12] . Live corals were included. There were significant relationships between mean rugosity value and the increase in smallest size classes for the corals Sidastrea siderea, Colpophyllia natans, Porites astreoides and Agaricia species for five sites on the fringing reefs near Discovery Bay [12] . There was also a significant linear relationship between percentage coral cover of Acropora cervicornis colonies with rugosity values for Dairy Bull reef, M1, New reef, Dancing Ladies, Rio Bueno and Pear Tree Bottom (Figure 3) . The rugosity values themselves might well be driven by the effects of increasing abundance of Acropora branching corals. The two reefs with the highest rugosity values, Dairy Bull reef and New reef, exhibited the highest cover of the urchin Diadema antillarum and no macroalgal cover in the vicinity of A. cervicornis colonies. In contrast, the other reefs with lower rugosities exhibited extensive macroalgal cover and no Diadema antillarum. Dairy Bull reef was the site where studies resulted in the suggestion that there had been a rapid phase-shift reversal on Jamaican reefs [34] , and which suffered a major loss of A. cervicornis in 2006 [32] . Table 1 The biodiversity index for both reefs was lowered after the 2005 mass bleaching event, but had recovered at both sites in 2009. This pattern of biodiversity index change was also seen at the other reef sites studied.
Results
Reefs are under stress from a variety of insults that act in synergy [54] . It may be that under conditions of low coral cover, low reef rugosity and low biodiversity, a major disturbance such as the 2005 bleaching event crosses a 'threshold' which then induces a cascade to induce the crossing of other thresholds, leading to a stable but less desirable alternative state [55] . An example where this has happened may be the reefs of Tobago, where coral recruitment declined significantly in years following hurricanes, tropical storms and coral bleaching events [40] . On the reefs of North Jamaica, there is a variable response and resilience, strongest in the case of Dairy Bull reef, which exhibits relatively high rugosity, coral cover and biodiversity with no significant macrogal cover [33] . Whether the niche diversification and multiple symbiont clades in corals at Dairy Bull Reef is sufficient to allow for adaptive radiation [56] in a period of intense climate change and ocean acidification is yet to be resolved.
Reef rugosity, contact of corals with macroalgae, and aggregation and competition between corals could influence reef integrity and resilience together with species and functional diversity, connectivity to larval sources, appropriate substrates for larval settlement, and protection from other anthropogenic effects [41, 42] . As reefs become increasingly subjected to high sea surface temperatures and thermal stress [57] , all these factors will have to be considered to development of reef management and conservation.
Discussion-Reef Management and Conservation
Interestingly, when small and medium-sized coral colonies are considered over the period [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , while corals at most sites show similar trends (Figure 2a-c) , only Sidastrea siderea colonies show similar trends to those where only small colonies (0-250 mm 2 surface area) were considered [33] . In these cases there was a reduction in the colony numbers at all the sites in 2006, with subsequent increases for all species at all sites up to 2009 (see Figure 2a) . However, for Porites astreoides and Diploria strigosa, the trends are more complex, with fewer medium-sized colonies recovering after the bleaching event of 2005 (Figure 2b-c) . One reason might be the slower growth rates of these colonies, combined with run-off and pollution from resort development along the North coast during and after 2006 [see 33], to cater for the cricket World Cup. It is interesting that on the South coast of the island, fringing reefs around the cays near Kingston Harbour had estimated recruitment of non-branching corals that was consistent from 2002 to 2008 (MJC Crabbe, unpublished observations).
These findings stress the importance of good management for coral reefs in Jamaica. Integrated Coastal Zone Management (ICZM) is a complex worldwide governance issue requiring an integrated or coordinated approach. It involves many relevant stakeholders and policy initiatives need to be developed over long time scales. Ideally, marine ecosystems (i.e., corals and seagrass beds) should be closely linked to terrestrial ecosystems such as mangroves and coastal forests. In developing management policies, education and training to enhance human skills and institutional capacity in resource management is critical [58, 59] . Such instruction has engaged many communities with inherent and long-standing challenges to sustainability and has been carried out within the context of Marine Protected Areas (MPAs) [60, 61] , indigenous community-based conservation [62, 63] , and disaster preparedness [64] . Partnerships can be important for ICZM, particularly where government policies link to local stakeholders (e.g., beach clean-up groups and marine wildlife associations) to produce collaborations that can involve people with vested interests in the coastal ecosystem (e.g., fishers, tour operators) and in ongoing management frameworks [65] .
Estimates of the human benefits of coral reef ecosystems are interesting, and Figure 6 shows a compilation of economic values taken from several studies, and economic benefits can arise from many factors, from food and raw materials to climate regulation. However the most significant benefit is in tourism and recreation, and this is very important for many developing nations. For Jamaica, tourism is the second highest contributor to Gross Domestic Product (GDP), which in 2008 was estimated at around $US 15 billion. In contrast, for Belize, where the fisheries industry plays a significant role in the economy, unlike in Jamaica, GDP was estimated at c. $US 1.5 billion.
Marine reserves are an important tool in the sustainable management of many coral reefs [66] [67] [68] . One management approach that may help reef integrity is the development of a marine park or reserve that limits fishing, particularly of herbivorous fish. An example of a single marine reserve is the Great Barrier Reef in Australia operated and managed solely by the Great Barrier Reef Marine Park Authority (GBRMPA). In contrast, the second largest barrier reef in the world, the MesoAmerican Barrier Reef, has a number of single and separated marine reserves that exist along the barrier reef. Here, MPAs might find it of interest to share guidelines, practices and resources, underpinned by scientific research (see, e.g., [69] ). Cooperative research and networking across all levels may help capacity building and encourages innovative approaches to management, particularly across coral reef, seagrass, mangrove and forest ecosystems [62, [70] [71] [72] . Figure 6 . Economic benefits from ecosystem services for coral reef ecosystems. Values are in US$ / ha / year, on a logarithmic scale, and indicate the average value and the maximum value. Estimates taken from [77, 78] .
Many researchers (see, e.g., [73] ) contend that the establishment of protected areas and policy development for sustainable conservation practices are key to sustainable ecosystems and preservation of reef integrity. Developing ICZM in the future will require both resources and iteration over many years to forge sustainable management processes and outcomes [74, 75] . In some cases, there may be unresolvable differences among stakeholders. In these instances, it is important to have clear and disinterested leadership and a decision-making process that is widely respected to reduce the possibility that differences do not deteriorate into conflict. The different backgrounds and imperatives of stakeholders are important in management negotiations, particularly if the model used is outcome-driven rather than process-oriented [76] .
Development of conservation and management of Jamaican reefs may find some aspects of a single country-wide MPA model advantageous:
1. The reefs around Jamaica could be designated as the Jamaican Coral Reef Marine Park. This could include all the fringing reefs, seagrass beds and mangroves from Negril to all along the north coast to the eastern tip of the island. On the south coast it could include Port Royal and Portland Bight. The advantage of this is that one can then consider protection of the Jamaican reefs as a whole. Another advantage is that climate change effects can be considered in a more holistic way.
2. There could be a single body, possibly the National Environment Protection Agency (NEPA), or a subset of NEPA, given authority to manage the Park.
3. There could be a statement drawn up on 'protection and wise use' of the Park. Drawing up that statement should include all stakeholders, from fishermen through Industry and tourism to policy makers.
4. The Park could be managed using a 'zoning' system. This has been valuable in a number of areas, not least the Great Barier Reef. This will allow some areas to have greater restrictions (e.g. fishing, resort pollution, ship pollution) than others. Such zoning should help avoid the 'tragedy of the commons'. Zoning Plans define what activities can occur in which locations, both to protect the marine environment and to separate potentially conflicting activities.
5. Divisions into zones could be: General Use Conservation Park Habitat Protection Marine National Park Another zone might be a Buffer Zone, next to a Marine National Park. 6. Each zone should have at least one of the following: (i) Community Partnerships, (ii) Local Marine Advisory Committees, (iii) Reef Advisory Committees. These bodies should be responsible for regulating their own area, and should be responsible to the overall Marine Park Management body. They would also be responsible for community involvement and information.
7. Permissions within the zones (e.g., for tourism, fishing etc.) would be given by the Jamaican Government, though NEPA.
This approach could link together the environment with tourism and business, so that environmental issues are seen as part of the way forward, not part of the problem. Even if smaller MPAs were developed around the island, the adoption of shared ownership of reef ecosystems is important as we move to a state of increased climate change.
